Parity of the Pairing Bosons in a High- Temperature Superconductor. 
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We report the observation of a novel effect in the bilayer Pb-Bi2212 high-T c superconductor 
by means of angle-resolved photoemission with circularly polarized excitation. Different scattering 
rates, determined as a function of energy separately for the bonding and antibonding copper-oxygen 
bands, strongly imply that the dominating scattering channel is odd with respect to layer exchange 
within a bilayer. This is inconsistent with a phonon-mediated scattering and favours the participa- 
tion of the odd collective spin excitations in the scattering mechanism in near-nodal regions of the 
k-space, suggesting a magnetic nature of the pairing mediator. 

PACS numbers: 74.25.Jb, 74.72.Hs, 79.60.-i 



The search for the mechanism of high-T c superconduc- 
tivity has converged to a choice between the electron- 
lattice and electron-electron interactions bringing to 
the forefront phonons and collective spin excitations 
as the most probable candidates responsible for pair- 
ing. Anomalies in the electronic spectral function due 
to the coupling to bosonic modes are the central sub- 
ject of recent ARPES studies on different kinds of high- 
temperature superconductors (HTSC) Q S S S S B • 
It turned out to be possible to extract characteristics of 
the mode considering the peculiarities of the momentum, 
doping and temperature dependence of the ARPES line- 
shape. In such a way it was shown that the electrons 
couple to a mode with an energy of 40 meV [7], |8| point- 
ing either to the spin-1 resonance observed in the neutron 
scattering 0,[lfj,lllj| or to a Big phonon mode [j]. Strong 
anisotropy of the coupling with a hot region near (n, 0) 
is interpreted either as due to the magnetic resonance 
[S 0, HI or a combination of the buckling and breathing 
phonon modes ^3 • A challenge for the phonon scenario 
remains the very pronounced doping dependence of the 
coupling near the (tt, 0) HE3, which is easily reconciled 
with the spin excitations. Moreover, a very recent anal- 
ysis of the nodal spectra 0] shows, in agreement with 
previous data [l|, that the temperature and doping de- 
pendence can be well understood within the framework 
of a scattering mediated by the spin excitations. Again, 
there is an alternative interpretation of the data based on 
the coupling to phonons 0.0] Thus, the experimental 
information, which allows distinguishing between these 
two mechanisms, is of vital importance for the field to- 
day. 

In this Letter we determine the parity of the domi- 
nant scattering using ARPES with circularly polarized 
excitation. We consider an intermediate region in the 



Brillouin zone, close to the nodal direction, but still suf- 
ficiently away from it to be able to clearly resolve the 
bilayer splitting. We find that the scattering in this re- 
gion is mediated by odd, with respect to the layer indices, 
excitations over a large portion of the phase diagram of 
a double-layered HTSC. Such a strong interband scatter- 
ing is naturally understood in terms of coupling to the 
odd collective spin excitations. 

Photoemission experiments have been performed at 
the Surface and Interface: Spectroscopy (SIS) beam- 
line |l5j of the Swiss Light Source using a Scienta 2002 
spectrometer ^||. We used circularly polarised (CP) 
light having the photon energy 50.4 eV, and by running 
the two twin electromagnet undulators in phase- matched 
mode . The typical energy and momentum resolution 
were of about 10 meV and 0.2°. Samples were positioned 
by a cryo-manipulator and measured at a temperature of 
20K (unless specified otherwise) - deep in the supercon- 
ducting state. The storage ring has been operated in the 
top-up mode with fast orbit feedback systems i which 
implies the constant photon flux at the sample site and 
highly stable conditions between the different polariza- 
tion measurements. 

Intensity distribution measured in ARPES as a func- 
tion of energy and momentum provides a direct access 
to the spectral function. We measure here such distribu- 
tion twice using the circularly polarised light of positive 
and negative helicities. It was shown before |lj| that 
the emission from the bonding and antibonding bands is 
sensitive to the helicity of the incoming radiation. We 
use this property here to distinguish between closely sep- 
arated features near the nodal direction. In Fig. la) 
and b) we present the spectra taken along the cut mak- 
ing 11 degrees with the nodal direction, as indicated in 
the inset of panel c), using the CP light of both helic- 
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FIG. 1: ARPES spectra taken using the circularly polar- 
ized light of a) positive and b) negative helicity. c) Their sum 
(color plot) and Ef - momentum distribution curve (red line), 
d) Their difference (color plot) and Ef - momentum distri- 
bution (black line). The inset in panel c) shows the location 
in the k-space. 



ities. Shown in the same color scale, the raw (unnor- 
malized) data depict the distributions of the photoelec- 
trons landing on the detector in two successive runs (~15 
min each). The only experimental parameter that varies 
is the helicity of the incoming radiation. Already vi- 
sual inspection of both plots reveals clear distinctions in 
(k, ^-distributions of the photocurrent. Apart from the 
different structure near the Fermi level one notices the 
longer "tail" on the panel a) and higher intensity of the 
maximum in panel b). Panels c) and d) of Fig. 1 help to 
realize how much different the spectra actually are and 
how to understand this difference qualitatively. In panel 
c) we show the sum of the two intensity maps which can 
be thought of as a map taken using unpolarised light and 
which clearly signals the presence of the two features - 
bilayer split bonding and antibonding components of the 
electronic structure of the double-layered Bi2212. The 
momentum distribution curve (MDC) at the Fermi level 
has a typical, well-resolved double-peak structure. The 
character of the dichroic signal (Fig. Id) triggers the 
explanation proposed in our earlier study 19] - depend- 
ing on whether the right- or left-hand CP light impinges 
upon the surface, the bonding or antibonding states are 
selectively excited and thus dominate in the intensity dis- 
tribution. However, we draw attention to the pronounced 
asymmetry (predominance of blue color in Fig. Id) of the 
dichroic signal at higher (>100meV) binding energies - 
the consequence of the longer "tail" in the spectra from 




FIG. 2: Spectra from Fig. 1 after mutual subtraction 
with the corresponding weighting factor (shown in the in- 
sets) which correspond to the a) bonding and b) antibonding 
bands. 



panel a). Exactly this asymmetry is the characteristic 
feature of the effect we are discussing in the remainder 
of this Letter. 

At 50.4 eV excitation photon energy used here, the dif- 
ferent helicities mainly highlight one of the bilayer split 
bands while the contribution from the other is minor. In 
order to completely eliminate the influence of the bilayer 
splitting, we subtract this minor contribution as follows. 
From Fig. la it is seen that the stronger component is the 
bonding band which crosses the Fermi level at larger mo- 
mentum: we use the convention, that the bonding Fermi 
surface is the smaller one, i.e. the one, which is closer 
to the (tt, 7r)-point (see inset in Fig. lc). We therefore 
subtract from it the intensity from the Fig. lb (where 
the antibonding band dominates), weighted by a factor 
(a), which should account for the degree of the admix- 
ture of the weaker band and presumably depend on the 
degree of the circular polarisation, experimental geome- 
try and photon energy. To determine this factor we mini- 
mize the residuals when fitting all MDC's of the resulting 
difference with Lorentzians, which are expected to repre- 
sent the spectral function of a single feature as previous 
studies suggest 20]. It turned out that there is a well- 
defined factor (a=0.282, see inset to Fig. 2a) at which 
the errors are minimal, i.e. the lineshapes are closest to 
Lorentzians. The result is shown in Fig. 2a and thus 
represents the photocurrent corresponding purely to the 
bonding states. The same criterion has been applied to 
eliminate the admixture of the bonding band to the spec- 
tra taken with left-hand CP light (Fig. 2b). Remarkably, 
the determined factor (a=0.258, see inset to Fig. 2b) is 
very close to the previous one indicating the high selec- 
tivity of the excitation process and approximate equality 
of the photoemission from both bands upon hypothetical 
use of unpolarised light. 

Now, when the bilayer splitting related effects are min- 
imized and we can directly compare the intrinsic line- 
shapes, we turn to the main subject of this study. One 
can easily show that the MDC's height when plotted 
as a function of energy is inversely proportional to the 
imaginary part of the electron self-energy. We note that 
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unlike commonly used for this purpose MDC's widths, 
the height is more directly related to the imaginary part 
since no additional assumptions as for the bare disper- 
sion is needed (although the determination of the abso- 
lute values is more complicated). Intensity plots shown in 
Fig. 2 reveal a clear-cut difference in the scattering pro- 
cesses of the bonding and antibonding photoholes. Near 
the Fermi level the scattering rate of the bonding states 
is higher than for the antibonding states as the corre- 
sponding MDC's are lower. At binding energies 150-350 
meV the situation is inverse. Reciprocal heights of the 
MDC's are plotted in Fig. 3a) as dashed lines. Near the 
Fermi level one can restore the true behaviour dividing 
out the influence of the Fermi function. We show also 
the MDC's widths in Fig. 3b). The difference is not 
that pronounced but the qualitative picture is the same. 
There is a crossover region between 50 and 100 meV, 
outside of which the two curves start to diverge. Panel 
c) of Fig. 3, where four raw MDC's are shown, brings 
additional evidence for the different scattering rates near 
the Fermi level. Indeed, at higher binding energies both 
MDC's are only slightly asymmetric, and so is the MDC 
measured with negative helicity close to the chemical po- 
tential. The other one, however, clearly shows a double- 
peak structure, indicating that the antibonding compo- 
nent became stronger and sharper at low energies and is 
clearly seen even in the spectrum taken with right-hand 
CP light, favourable for the bonding band. This is ex- 
pected if the scattering rate is noticeably lower for the 
one band than for the other. 

What could be the reason for such a difference in the 
scattering rates of the bonding and antibonding states? 
From the general point of view, it is difficult to expect 
a fundamentally different scattering mechanism for the 
split pair of bands of the same atomic character. In this 
region of the k-space, the difference between bare bands 
is negligible as tight-binding based consideration demon- 
strates. In the superconducting state both bands support 
similarly gapped Fermi surfaces [2lJ . On the other hand, 
the scattering rate of the photohole is also proportional 
to the electronic density of states (DOS). Presented data 
suggest that the densities of those electrons which prefer- 
ably fill in the hole in the bonding or antibonding bands 
are different. In Fig. 3d we plot the curves which rep- 
resent the bonding (B) and antibonding (A) densities of 
states in the superconducting state. It is known that 
the two components of the electronic structure of bilayer 
Bi2212 are similar in the most of the Brillouin zone, being 
noticeably different only near the (tt, 0)-point. Therefore 
we have selected two characteristic (tt, 0)-spectra,which 
due to the careful choice of the excitation energy [3j cor- 
respond purely to the A and B bands, as representatives 
of the A and B DOS. Remarkably, the curves cross at 
approximately the same energy lOOmeV where the scat- 
tering rates are comparable (see Fig. 3a, b) . This crossing 
is indeed expected: the binding energies of the A and B 
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FIG. 3: a) MDC heights as functions of energy. b)MDC 
widths as functions of energy, c) Two pairs of MDC's from 
Fig. la,b taken at -31 meV (upper pair) and 8 meV (lower 
pair) showing changing difference in the scattering rates, d) 
(it, 0)-spectra taken at two photon energies at which one of the 
bands is suppressed. Background is subtracted and spectra 
are normalized to the integrated intensity. 



saddle points, which contribute dominantly to the DOS, 
are known to be at 10 - 35 meV and 150 - 200 meV re- 
spectively 0, • Note that at low binding energy, where 
we found a stronger scattering for the bonding band, the 
DOS of the antibonding band is higher and at higher 
binding energies the situation is reversed. 

These results now bring us to the conclusion that the 
scattering of electrons in the superconducting state has 
a well-pronounced odd character. This means that the 
interband (between B and A) scattering is significantly 
stronger compared to the intraband (within B or A) scat- 
tering. If the reversed were true, the curves in Fig. 3a, b 
should have been swapped over. In accord with our pre- 
vious studies we consider two channels of the scatter- 
ing: bosonic and fermionic |l4| . Simple symmetry-based 
consideration may be applied to demonstrate that in 
the fermionic channel the probabilities of the interband- 
and intraband scattering events within the framework 
of the direct electron-electron interaction (Auger decay) 
are equivalent. This consideration includes the analysis 
of the parity of the initial and final states with respect to 
the layers exchange. It turns out that even if the parity 
conservation is taken into account, the mentioned prob- 
abilities are both defined by the total (A+B) density of 
states. Thus, it is the bosonic channel, which is respon- 
sible for the observed effect. The odd scattering implies 
that the bosonic excitations, which mediate the scatter- 
ing, must also have an odd parity with respect to the ex- 



4 



change between adjacent copper oxide layers. One may 
consider the possibility that a phonon mode can mediate 
the odd scattering. The so-called half-breathing mode 
has been suggested to be responsible for the dispersion 
anomalies near the nodal region |l2| . Taking into account 
its essentialy in-plane character one cannot reconcile the 
obtained results with the considerable coupling of the 
electrons to such a mode. There is no indication that 
such phonon-mediated scattering will demonstrate any 
imbalance with respect to the parity. On the other hand, 
it is known that the spectrum of collective spin excita- 
tions is dominant in the odd channel |3, tfCJ, 1 1 1 1- l23t 12 1| 
thus possesing exactly the required property. Its reso- 
nance part is detected also in the overdoped samples and 
above T c in the pseudogap regime always prevailing in 
the odd channel in comparison with the even one. More- 
over, a similar scenario of odd scattering has been invoked 
to successfully account for the dispersion anomalies ex- 
tracted from ARPES experiments near the (tt, 0)-point 
|25j |. where the famous spin-1 resonance has played the 
role of the scattering boson. 

To test the relevance of the observed effect to the spec- 
trum of the magnetic excitations we have further varied 
three parameters: location in the k-space, temperature 
and concentration of the charge carriers in the sample. 
The results are briefly summarized in Fig. 4. Persistance 
of the effect, although weakened, in the pseudogap state 
as well as in the superconducting state of the overdoped 
sample is obvious, thus tracking the characteristic be- 
haviour of the magnetic excitations spectrum. Although 
little is known as for the parity of the spin excitation 
spectrum in the normal state from the experiments |2fij . 
the theoretical estimates clearly point to its odd char- 
acter [27|. Moreover, according to the expectations, the 
effect must be even less pronounced in the normal state of 
the overdoped samples. Our data taken with different ex- 
perimental setup suggest that this is indeed the case • 
Momentum-dependent data (Fig. 4c) conclude this de- 
tailed inventory of the properties demonstrating another 
magnetism-related feature - the difference becomes more 
pronounced when moving towards the antinodal region. 
We note that upon approaching the nodal direction, the 
dominance of the bonding band at higher binding en- 
ergies does not disappear (seen as blue or red colour 
in lower parts of the dichroism patterns), however, the 
dichroism itself gets weaker as it is expected to vanish in 
the mirror plane [3, . 

The strength of the coupling between electrons and the 
antiferromagnetic spin fluctuations drastically increases 
for those electrons which are separated in the reciprocal 
space by the vector (tt, tt). We point out that this con- 
dition is, in principle, fulfilled for all points on the Fermi 
surface if one recalls about the shadow FS recently shown 
to be an intrinsic feature of the photoemission from the 
copper oxide planes [3(J. Its presence implies that the 
vector (tt, tt) becomes a reciprocal lattice vector, which 
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FIG. 4: a) Presence of the effect in an overdoped (T C =72K) 
compound, b) Presence of the effect in the pseudogap regime 
of an underdoped sample (T C =76K). c) Momentum depen- 
dence of the effect. 



is not surprising since a certain degree of buckling is char- 
acteristic to the CuO plane. Thus, some of the high-T c 
cuprates emerge as systems, which are "structurally pre- 
pared" for the strong interplay between electrons and 
spin fluctuations. 

We attribute the observed effect to the interband scat- 
tering mediated by the collective spin excitations. Inelas- 
tic neutron scattering experiments have demonstrated 
that such spin excitations possess all essential properties 
of the pairing mediating excitations - they are univer- 
sally present in copper oxides, have a suitable energet- 
ics and present at T c . Our results indicate that exactly 
interaction with the spin excitations captures all char- 
acteristic features of the low energy electron dynamics 
in bilayer cuprates. Magnetic excitations therefore ful- 
fill the last and crucial requirement - strong coupling to 
the conduction electrons, and thus emerge as the most 
probable candidate for mediation the electron pairing in 
superconducting cuprates. 
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